This paper presents an improved empirical method for the prediction of perforation of steel plate reinforced concrete barriers by rigid missiles such as aircraft engines etc. The data of rigid missile experiments newly performed in China in 2018 were collected, and numerical analysis and existing empirical methods of perforation damage analysis were compared. Based on the existing formulas, an improvement is proposed to predict the penetration effect of typical rigid projectiles on steel reinforced concrete barriers in aircraft impact or tornadoes more accurately.
Introduction
Steel plate reinforced concrete (SC) composite structures are widely being used for the construction of structural modules and shielding structures in some light water reactors. Also SC composite structures have been proposed for other nuclear construction, including small modular reactors. Tsubota et al. (1993) conducted 50 rigid missiles shots on Reinforced Concrete (RC) and SC panels, and it was found that, the effect of rear steel liner to prevent the local damage caused is remarkable. Furthermore, the formulae for predicting the equivalent concrete thicknesses for perforation, splitting and bulging were proposed. J. Hashimoto et al. (2005) performed 40 tests on RC, Half-SC and SC Specimen subjected to the rigid and deformable missile impact, and the evaluation equation for scabbing velocity of a projectile was proposed. Furthermore, regarding deformable projectiles, the perforation velocity for a reinforced concrete panel and the bulging height for a half steel plate reinforced concrete panel could be evaluated with the evaluation equation for non-deformable projectiles. By performing 26 shots of blunt rigid missiles impacting test on RC and SC target plates, the influences of the ratio and type of reinforcement, location of reinforcement mesh and steel lining arrangement on the perforation resistance are studied by Abdel-Kader et al. (2014) . Grisaro et al. (2014) established the model to convert steel plate to equivalent concrete across a range of concrete and steel strengths and projectile mass and diameters. For the SC target, Kim, et al. (2017) performed 4 impact tests on the SC wall by using high speed cameras and various other instrumentation devices. In addition, a more advanced and applicable numerical simulation method using the finite element (FE) method is proposed and verified by the experimental results.
When evaluating the local damage modes for rigid missiles impact on the SC structures, the methods are generally based on the results from FEM analysis or some empirical formulas such as NEI 07-13(2009). These empirical formulas are based on the general concrete structures, but no SC structures. In particular, during the local damage evaluation caused by the aircraft engine which diameter size are larger than the thickness of the barrier, while the previous experiments the projectiles diameters are relatively smaller. Thereby the experiments about the rigid missiles with the relatively larger diameter sizes impact on the SC specimens were performed recently to obtain the modified empirical formulas to predict the local damage in this paper.
Experimental program 2.1 Test Conditions
In order to quantitatively evaluate the effectiveness of SC panel specimens against rigid missiles impact, 1/20 scale models were employed for the SC panel specimens and the rigid missiles model. The 4 cases were performed in the test with the impact location at the center of the SC panel specimens. The initial velocity of missiles in the test are list in the Table 1 .
The impact orientation was assumed to be normal to the SC panel specimen. The impact tests were planned to evaluate the following phenomena.
(1) Damage to SC panel specimens (2) Deceleration characteristics during aircraft collision into SC panel specimens and residual aircraft velocity after perforation.
(3) Deformation of rear-face steel plate of SC panel specimens
Test specimen description 2.2.1 SC specimen
The SC panel specimens were 700 mm square with the thicknesses of 40 mm. The thickness of the both sides of steel plates was 1 mm, decided in accordance with the thickness of 800 mm of the typical SC walls in Nuclear Power Plant (NPP).
The nominal compressive strength of the infill concrete was 34 MPa. In the tests, the SC panel specimens were mounted on a reaction frame at their top and bottom sides by tensioned bolts. In order to avoid unexpected damage near the support points, the reaction frame beams were embedded into the fixed concrete base mat. Figure 1 shows the schematic view of the SC specimen. The reinforcement (D5@100, yield strengths were 235 MPa) is placed around the center of the plate. Table 3 shows the comparison of the four cases of numerical analytical results with the test. The perforated missiles were submerged with the ejecting concrete fragments in the perforation test, so the residual velocities of projectiles are difficulty to obtain. Therefore, the bulging velocity of rear steel plate was measured in the test from high speed video, which was used to characterize the residual velocity of the missiles.
Numerical Analysis and Experimental Results

Residual Velocity of the Missiles
The results show a good comparison about the residual velocity of missile between the experiment and analysis, as shown in the Figure 5 .
For case I-2, since the missile perforates the target plate out with a large amount of scattered debris simultaneously, the numerical simulation of the residual velocity is a little less than the test data. It should be pointed out that, the initial 
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